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Agriculture. 10 11 Fusarium head blight (FHB, incited by Fusarium spp.) of wheat (Triticum aestivum), also known 1 as wheat scab, is one of the most destructive diseases in the humid and semi-humid 2 wheat-growing areas worldwide (Parry et al., 1995; Osborne and Stein, 2007) . F. graminearum 3 Schwabe [teleomorph = Gibberella zeae (Schw.) Petch] is the prevailing wheat pathogen in the 4 United States and many other countries (Bai and Shaner, 2004) . Severe FHB epidemics occur 5 when a susceptible host encounters abundant pathogen inocula in the presence of humid and 6 warm weather during wheat anthesis (Osborne and Stein, 2007) . FHB epidemics can cause 7 significant losses in both grain yield and quality. Harvested grain contaminated with mycotoxins, 8 especially deoxynivalenol (DON), produced by the pathogen is a serious safety concern to 9 human and animal health (Bai and Shaner, 1994; Parry et al., 1995) .
10
Use of resistant cultivars coupled with fungicide application is the most effective strategy to 11 minimize disease losses. In China, a nationwide screening of germplasm and breeding lines 12 identified 'Sumai 3' and its derivatives to have the best resistance (Reviewed by Bai and Shaner, 13 1994, 2004) , which have become the major sources of FHB resistance in breeding programs 14 worldwide. Quantitative trait loci (QTLs) for FHB resistance have been reported on all 21 15 chromosomes (Bai and Shaner 2004 , Yu et al, 2008 , 1963 Liu et al, 2009 2009). However, only the Fhb1 QTL on chromosome 3BS has a large effect mainly on type II 17 resistance, resistance to fungal spread within a spike (Schroeder, and Christensen, 1963) , that has 18 been stable across various genetic backgrounds (Bai and Shaner, 2004) . In the United States,
19
FHB epidemics originally occurred mainly in hard spring wheat in the northern Great Plains and 20 in soft winter wheat (SWW) regions, so extensive screening of breeding materials from those 21 regions has identified several U.S. cultivars with FHB resistance, such as 'Roane', 'Ernie', and 1 'Freedom' (Rudd et al., 2001 , Griffey et al., 2001 . QTL haplotype analysis indicates that these 2 cultivars do not carry Fhb1, which means they may carry resistance QTLs that are different from 3 those in Chinese sources (Liu et et al., 2005) . In the hard winter wheat (HWW) growing region 4 of the Great Plains, FHB has not been a major issue until recent years; thus, systematic screening 5 of HWW germplasm and breeding materials for FHB resistance has not been reported. Initial 6 evaluation of some HWW identified several cultivars, including 'Heyne' and 'Hondo', with FHB 7 resistance. QTLs in these cultivars may be different from those in Asian sources (Zhang et al. (moderately susceptible), and 'Duster' (susceptible) were used as controls. 
Evaluation of FHB resistance

12
In the greenhouse experiments, six plants per line were transferred into a 13 x 13 cm Dura-pot 13 (Hummert Int., Earth City, MO) with a 12 h photoperiod after vernalization for 6 wk at 4 °C in a 
18
Conidial inocula of F. graminearum were prepared using field isolate GZ 3639 from Kansas.
19
This isolate has showed consistent pathogenicity on a set of wheat cultivars for over a decade (G. 20 Bai, unpublished data). Conidial suspension was adjusted to 100 spores per μL for inoculation.
21
About six spikes with similar flowering time in each pot were inoculated by injecting 10 μL of 1 the conidial suspension into a central spikelet of a spike at anthesis using a syringe. After 2 inoculation, plants were moved into a moist chamber with 100% relative humidity for 48 h at 21 3 ± 5 °C to initiate infection. Infected plants were then moved to a greenhouse bench for disease 4 development at 21 ± 5 °C during the day and 17 ± 2 °C during the night. About 15 d 5 post-inoculation, when the susceptible control was completely blighted, the numbers of infected 6 and total spikelets in each inoculated spike were counted to calculate the percentage of 7 symptomatic spikelets (PSS) in a spike. replications. The FHB nursery was inoculated using spawn inoculation, in which F. Leaf tissue was collected at the two-leaf stage, and genomic DNA was isolated using a 6 cetyltrimethyl ammonium bromide (CTAB) method (Zhang et al. 2012) . A sequence tagged site 7 marker, Xumn10, was used to identify whether the Fhb1 resistance allele was present (Liu et al., 8 2008), and a single nucleotide polymorphism marker, Xsnp3BS-8, for Fhb1 was analyzed to 9 verify Fhb1 resistance allele (Bernardo et al., 2012) . DNA sequencing for Xsnp3BS-8 was done 10 for these accessions that did not provide useful single nucleotide polymorphism results.
11
Polymerase chain reaction was performed following Sun et al. (2010) , and DNA sequencing was 12 done using a BigDye® Terminator V1.1 sequencing kit (Applied Biosystems, Foster City, CA).
13
Data Analysis
14
Analysis of variance (ANOVA) and regression analysis were conducted using SAS ver. 9.2
15
(SAS Institute, Inc., Cary, NC). Because two sets of materials were selected from Regional 
Results
2
Wheat reactions to Fusarium head blight in greenhouses 3
The difference in PSS for the 35 accessions that were common to both sets of materials was not 4 significant between the two sets of greenhouse experiments, nor among three tests of each set, 5 nor between replications in each test (data not shown); thus, the two sets of materials were 6 combined for further data analysis. Correlation coefficients of PSS for 363 accessions were 7 highly significant among the three greenhouse experiments (r = 0.53-0.67, P < 0.001).
8
Wheat accessions showed significant variation in PSS after single floret inoculation (Fig. 1 
15
To test for the presence of the Fhb1-resistant allele in the resistant wheat accessions, unpublished data). In these accessions, the Fhb1 resistance allele had been transferred into three 20 U.S. HWW cultivars (Wesley, 'Trego', and 'Harding') and one SWW cultivar ('Clark') ( Table   21 2). They all showed a high level of resistance in greenhouse experiments, except for single Fhb1 1 lines from Trego and Clark, and two from Harding that had slightly higher PSS estimates. In the two sets of field experiments, the difference in PSS for the 35 accessions common to both 4 sets was not significant between the two sets of field experiments (data not shown) and the 5 correlation coefficients of the 35 accessions were significant (Supplemental Table S2 ). Therefore, 6 they were combined for further statistical analysis. The field mean PSS for the three controls, 7 Sumai3 (R), Wesley (MS) and Duster (S), increased slightly from the greenhouse data, so PSS 8 ranges for the four phenotypic classes were adjusted accordingly for field data, with a PSS of 0 9 to 25.0% classified as R, 25.1 to 50.0% as MR, 50.1 to 75.0% as MS, and above 75.0% as S. A significant correlation coefficient (r = 0.73, P < 0.001) of mean PSS for 363 wheat accessions 4 was observed between greenhouse and field experiments (Fig. 2) , suggesting that most wheat 5 accessions with a low PSS in the greenhouse usually had a low PSS in the field (Fig. 2, Table 2 ). Fusarium-infected wheat or corn spawn in field is used to evaluate both type I and type II 8 resistance, and incidence is scored by estimating proportion of diseased spikes per experimental 9 unit (plot) to estimate type I resistance (Stack and McMullen, 1995) . In field experiments, it is 10 often impossible to distinguish between type I and type II resistance, so an FHB index is often 11 used to reflect overall resistance (Seem, 1984; Bai and Shaner, 2004; Paul et al., 2005) .
12
In this study, the experimental materials were repeatedly evaluated for FHB resistance in 13 both greenhouse and field experiments. In the greenhouse, needle inoculation was performed and 14 type II resistance was measured. Among the three greenhouse experiments, the correlation 15 coefficients were highly significant. In the field studies, plants were inoculated by a combination 16 of both needle and spawn inoculations, and were misted hourly from heading to dough stages to 17 ensure that there would be enough moisture for infection. This procedure significantly reduced 18 disease difference caused due to plant heights and flowering times of different wheat accessions. coefficients between greenhouse and field experiments were still very high (Fig. 2) . This result 12 indicates that type II resistance is the major type of resistance for most accessions in field 13 conditions, with a few exceptions, such as in Husker, Century, P03207A1-7, KS08IFAFS1, and 14 IL02-18228 (Table 2 and Supplemental Table S1 ).
15
Husker, Century, and P03207A1-7 had a low PSS in the greenhouse experiments, indicating 16 that they had type II resistance, but not type I resistance, as reflected by their high PSS in the wheat, Trego is a hard white winter wheat, and Wesley and Harding are hard red winter wheats.
17
In the greenhouse tests, four Wesley Fhb1 resistant NILs had a mean PSS similar to Sumai3.
18
Three Trego Fhb1 resistant NILs and four Clark Fhb1 resistant NILs had a slightly higher PSS 19 than Sumai3, but had a significant reduction in PSS compared with their recurrent parents.
20
Significant PSS reduction in these NILs was also observed in the field experiments ( 
21
'Aspen', U07-698-9, 'Endurance', N02Y5117, and HV9W02-942R in HWW, and IL00-8530, 1 MD01W233-06-1, M04*5109, Ernie, OH02-12678, and KY97C-0519-04-07 in SWW (Table 2 ).
2
These accessions had slightly higher PSS than previously mentioned highly resistant cultivars in 3 both field and greenhouse experiments, but they were all moderately resistant, which means they 4 could be important breeding parents for improvement of FHB resistance in U.S. winter wheat. 
